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a s 3 6 9  ABSTRACT 

This article describes the method to be employed in /51* - I 
an experimental investigation of the phenomenon of 

dimerization in alkali metal vapors. It presents the 

results derived from calculating the thermodynamic func- 

tions of sodium vapors up to a temperature of 1500OC. A u ~ g a ~  

The calculation of thermodynamic functions of alkali metal vapors is 

complicated by the phenomenon of dimerization, which takes place according 

to the reversible reaction Nal 0.5 Na2 in sodium, for example. As a result 

of dimerization, the alkali metal vapors represent a mixture of monoatomic 

and diatomic gases whose concentration is a function of temperature and 

pressure. It is absolutely necessary to know the values of the volumetric 

concentrations X1 and X2 of both forms of vapors, in order to calculate the 

thermodynamic functions of alkali metal vapors. 

The phenomenon of dimerization in alkali metal vapors has been studied 

experimentally. 

liberated during the dimerization process (dimerization energy). Let us 

Experiments have made it possible to determine the energy 

investigate the main experiments. 

The Deflection Method in a Magnetic Field 

In contrast to their molecules, atoms of alkali metals have a magnetic 

moment (Ref. 1). This was studied by Lewis, who employed the method of 

* Note: Numbers in the margin indicate pagination in the original foreign 
text. 



Stern and Gerlach (Ref. 2) t o  perform a s p a t i a l  separa t ion  between bundles 

of atoms and molecules. 

An a l k a l i  metal w a s  vaporized i n  an oven, through whose opening a molecular 

beam passed containing monoatomic and diatomic alkali  m e t a l  molecules. 

t h e  beam passed through a magnetic f i e l d  having a p a r t i c u l a r  configuration, 

atoms having a magnetic moment w e r e  def lec ted  t o  both s i d e s  of t h e  o r i g i n a l  

d i r ec t ion ;  t h e  molecules w e r e  not deflected.  

beam i n t e n s i t y ,  a f t e r  it passed through t h e  magnetic f i e l d  t h e  beam w a s  d i r ec t ed  

i n t o  a co l l ec to r  i n  t h e  form of a cy l ind r i ca l  condenser. 

When 

In order t o  measure t h e  molecular 

A long s l i t  w a s  cu t  i n t o  t h e  f l a t  s i d e  of t h e  cy l inder  serving as t h e  

anode; t he  bundle of atoms and molecules entered t h e  c o l l e c t o r  through t h i s  

s l i t ,  and f e l l  on the  cathode. A tungsten fi lament loca ted  along the  cy l inder  

axis, which w a s  heated by an electric cur ren t ,  served as t h e  cathode. 

As Langmuir (Ref. 3) has shown, when particles of a l k a l i  m e t a l  vapors 

s t r i k e  an incandescent tungsten filament, they are ionized, and take  on a 

p o s i t i v e  charge. 

number of p a r t i c l e s  s t r i k i n g  t h e  cathode passes between t h e  fi lament and t h e  

anode. 

t o  t h e  p a r t i c l e  bundle can be  measured by moving the  c o l l e c t o r  i n  t h i s  plane. 

The r e s u l t s  of these  experiments performed a t  d i f f e r e n t  temperatures have 

made i t  poss ib le  t o  determine t h e  equilibrium constant of t h e  dimerization 

r e a c t i o n  and the  dimerization energy. 

An electric current whose s t r eng th  i s  propor t iona l  t o  the  

The d i s t r i b u t i o n  of t h e  bundle i n t e n s i t y  I i n  t h e  plane perpendicular /52 

Luminosity Method 

I n  these  experiments (Ref. 4, 5) ,  t he  luminosity of a r a r e f i e d  mixture of 

gases r eac t ing  chemically w a s  observed: vapors of an a l k a l i  metal and of any 

ha l ide .  Primary (I) and secondary (11) reac t ions  thus took p lace ;  they can be 
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wri t t en  as follows f o r  sodiun and bromine: 

Na + Br, = S a  Br -1- Br 4- 40,5 kcal/g-mole 

Na, + Br = NaBr -4 Na .I- 68 kcal/g-mole 

(1) 

(11) 
Na -t Br = Na tk - \ -  56 kcal/g-mole 

An inves t iga t ion  of t h e  d i s t r ibu t ion  of the reac t ion  product p r e c i p i t a t e s  

-100 
450 
500 
550 
600 
650 

and the  luminosity i n t e n s i t y  along a g l a s s  tube containing the  gas has shown 

4.839*IOJ 
1.725.10J 
5.205-10" 
1.373.10" 
3.234-10-' 
6,935.10-2 

t h a t  the  luminosity i s  caused by the secondary reac t ion  Na2 + B r  = N a B r  + N a .  

The luminosity i n t e n s i t y  i s  proportional t o  the  number of diatomic N a 2  mole- 
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1300 

cules.  The dimerization energy w a s  computed from the  i n t e n s i t y  r a t i o s  a t  

4.431-10-' 
7.316-10-1 
1.165 
1.776 
2.615 
3.735 
5.188 
7.03 
9.31 
12.1 
15.4 

d i f f e r e n t  temperatures. 

Method f o r  Observing Magnetic Rotary Spectra 

When l i g h t  which i s  polar ized i n  a plane passes through a gas located i n  

a magnetic f i e l d ,  r o t a t i o n  of the polar iza t ion  plane occurs. This is  par t icu-  /53 

l a r l y  s i g n i f i c a n t  c lose  t o  the  absorption line, i.e., f o r  l i g h t  p a r t i c l e s  

TABLE 1 

THERMODYNAMIC FUNCTIONS OF SODIUM VAPORS ON THE SATURATION LINE 

1. 'C ps. a t m  I kca l  
pc* g deg  

0,306 
0.303 
0.302 
0.301 
0.300 
0.300 
0.300 
0.301 
0.303 
0.305 
0.305 
0.311 
0,315 
0.320 
0.324 - - - 
- - - - 

- 

kcal  d,-- 
g*deg 

.___- 

0.0000 
0.0218 
0.0420 
0. OGOI, 
0.7860 
0,0953 ' 
0.1111 
0.1262 
0,1406 
0.1545 

, O .  1678 
0. IE07 
0.1933 
0.2055 
0.2174 
0,2289 
0.2101 
0.2509 
0.2614 
0.2716 
0.2815 
'0,2911 
0.3005 

1060.0 
105:. 7 
1031.3 
1047.1 
1042.9 
1038.7 
1034.5 
1030.3 
1025.9 
1021.5 
1017.0 
1012.3 
1007.5 
1002.4 
997.1 
991.6 
9s5.9 
BtO . 0 
973.9 
967.6 
961.1 
954.4 
987.5 

3 

kcal r -  

' kg 
- -- 

1026.2 
1012,l 
997.7 
983.4 
969.1 
955.3 
941.3 
929.0 
916.5 
904,6 
893.1 
882.0 
871.2 
860.7 
850.6 
841.1 
830.7 
821.1 
811.2 
,801 ~ 4 
'791 ,3 
781.3 
771.1 

5;. - kca l  
g=deg 

1,5747 
1.4S15 
1.4017 
1,3329 
1,2729 
1,220-l 
1.1741 
1 , 1 3 3 1  
1 .0966 
1.0640 
1 ,0347 
1.0083 
0.9846 
0,9631 
0.9436 
0.9156 
0,9083 
0.8943 

e 0.8805 
I *O, 8677 
0,8559 
0,8449 
0,8348 

,* k ? . /  
'g-deg 

1.5244 
1,4213 
1.3325 
I ,2555 
I .  isas 
1,1301 
I ,0790 

. I  ,034 I 
0.99'17 
0,9595 
0,9291 
0.9018 
0.8776 
0.8560 
0,6369 
0,8199 
0,8039 
0.7900 
0.7774 
0.7652 
0.7544 
0.7444 
0.7360 

-- 



TABLE 1 (Cont.) 

THERMODYNAMIC FUNCTIONS OF SODIUM VAPORS ON TEFE SATURATION LINE 

190.4 
205.4 
120.4 
235.1 
250,s 
265.6 
280.8 
296.1 
311.6 
327.2 
343.1 
359,2 
375,5 
392.0 
108.7 
425,fi 

460.0 

4%,2 

i.442.7 ' 

477.5 

145.0 I 1171.2 

1173.8 
1114.6 
1175.7 
1177,3 
1179.4 
llS2.1 
lIS.j.3 
1189.2 
1193.6 
1198.5 
1203.8 
3209.8 
1216.6 
122'2.7 
1P3.8 
1236.8 
124-1. I 
1251.3 
1Bl4.H 
1266.3 

16013 I 117213 
175.0 1173.1 

kca l  
I- - 

1 9  kg 

1203.1 
1215.9 
1226.6 
1237.6 
1248.3 
1259.0 
1269.3 
1280.7 
1291.5 
1302.3 
1313.1 
1323.9 
1334.8 
1345.5 
1336.3 
1367,l 
1377,9 
1&98.7 
13!3!3,5 

I 1410.3 
1421.1 
1431.9 
1442.7 

~~ ~~ 

"kcal 
1 -  
21 kg 

792.1 
802. I 
812.2 
822.2 
832,3 
842,4 
852.5 
862.6 
872.6 
882,9 
893.1 
903.3 
913.6 
923.8 
934.1 
944.4 
954 .7 
%5. I 
975.4 
0853 
W6,1 
lG3d.S 
1016.9 

. kcal 
'a. kg 

412.96 
413.77 
414.55 
115.31 
416.04 
416.76 
417.46 
418.13 
418.77 
419.40 
420.01 
420,59 
421.16 
421.70 
422.22 
422.71 
423.18 
423.6.1 
4%. 10 
434.54 
424.97 
4 2 i  &,' 
425.78 

0.043 
0,056 
0.069 
O,OS3 
0.097 
0,111 
0.125 
0,138 
0.150 
0.162 
0,173 
0, Is3 
0,193 
0.202 
0.210 
0.217 
0.224 
0.230 
0.2,36 
0.241 
0,246 
0,250 
0.253 

0.021 
0,071 
0,202 
0.507 
1,126 
2,340 
4.451 
7,922 

13.320 
21.317 
32.673 
48.191 
63,723 
95.155 

128.22 
165.59 
217.10 
274.00 
339.80 
414.72 
-199.87 
5 9 2 . 5  
694,35 

k c a l  
:p * g T  

0.84-1 
0.&83 
0,912 
0.918 
0.908 
0.869 
0.865 
0.836 
0,803 
0.773 
0.739 
0.x5 
0.679 
0.651 
0,625 
0.6O'Z 
0,579 
0.557 
0.53T 
0 518 
0,501 
0.4P7 
0.475 

c lose  t o  t h e  eigen frequency of the  atoms. 

r o t a t i o n  of t h e  po la r i za t ion  plane, and may be u t i l i z e d  t o  determine t h e  di- 

merization energy ( R e f .  6).  The l i g h t  from an electric arc w a s  d i r ec t ed  

along a crossed analyzer and 

t h e  m e t a l  being s tudied  Before 

t h e  magnetic f i e l d  w a s  turned on, l i g h t  did not pass through t h e  crossed polar i -  

zer  and 

when t h e  magnetic f i e l d  was  turned on t h e  f i e l d  of v i e w  became illuminated. 

It w a s  thus poss ib le  t o  observe the magnetic ro t a ry  spectrum by m e a n s  of t h e  

d i spe r s ion  apparatus. 

r a d i a t i o n  of sodium atoms and a band caused by t h e  r a d i a t i o n  of diatomic. 

sodium molecules. 

than i n  spec t r a  obtained by o ther  methods, and it  w a s  p a r t i c u l a r l y  easy t o  

This phenomenon is  ca l l ed  magnetic 

po lar izer ,  between which a tube with vapors of 

w a s  placed within t h e  core of an electromagnet. 

analyzer,  bu t  - due t o  ro t a t ion  of the  l i g h t  po la r i za t ion  p l a n e  - 

This spectrum cons i s t s  of separa te  l i n e s  caused by 

However, t h e  individual bands overlapped t o  a lesser ex ten t  

4 



study t h e  s p e c t r a l  l i n e s  corresponding t o  t h e  higher v i b r a t i o n a l  levels of 

molecule energy, thus f a c i l i t a t i n g  an explanation of t he  dimerization energy. 

S i t t i g  (Ref. 7) has presented the  most d e t a i l e d  summary of t h e  phys ica l  

thermal p rope r t i e s  of sodium. He computed c e r t a i n  thermodynamic functions of 

sodium up t o  1125°C. 

of sodium a t  absolu te  zero tempera ture  i d  

p r i s e s  0.79 e V  per  one N a 2  molecule. 

The bas i s  of the  computation w a s  t h e  dimerization energy 

= 9100 + 600 cal/g-atom, which com- 

Table 1 presents  t h e  thermodynamic func- 

0 

t i o n s  on t h e  s a t u r a t i o n  l i n e .  

W e  supplemented t h e  da t a  i n  the t a b l e  by t h e  s p e c i f i c  hea t  c t h e  vapor P' 

dens i ty  d, and t h e  s p e c i f i c  entropy s ' ,  sy,  s'; and s " ,  respec t ive ly ,  of t h e  

condensed phase, t h e  monoatomic and diatomic forms of s a tu ra t ed  vapors, and /54 
of an equilibrium mixture of both forms i n  sa tu ra t ed  vapors: 

dT -1- COIIS~, assuming S&" =- 0, 

r= SI -b r , f r ,  S; = S' - 1 -  r 2 f l .  S" - I  S' -t r f l .  

I n  order t o  cons t ruc t  i-s-diagrams up t o  1500°, t h e  q u a n t i t i e s  s',s;1, 

s'; ,  i' , r l , r2 , r , i d , i y , i ; , i "  were extrapolated f u r t h e r  along the  sa tu ra t ion  l i n e ,  

based on t h e  t abu la r  differences.  A l l  of t h e  q u a n t i t i e s  were interconnected 

i n  accordance with r e l a t ionsh ips  (1) and formulas 
e ." .* . < = i'+ r,, t2 = i' + r, , i , ,  -- I ,  - i J  , i" = i' 4- r 

i n  t h e  case of Ai: = 4.965 A t  

By employing t h e  values rl and r 2 ,  t h e  p a r t i a l  pressures p1 and p2 of t h e  

monoatomic and diatomic components, t h e  t o t a l  p ressure  p = p1 + p2, t h e  volu- 

metric concentrationsX1 = p1/p and X 2  = p2/p on the  sa tu ra t ion  l i n e ,  and t h e  

equi l ibr ium constant 5 = p:/p2 were computed by numerical i n t eg ra t ion  of t h e  

Clapeyron-Clausius equation. This method v e r i f i e d  t h e  f a c t  t h a t  t he  equilibrium 

cons tan t  values s a t i s f y  the  equation 

5 



Computation of Entropy, Enthalpy, Spec i f ic  Heat, and 
Density of Sodium Vapors 

As a r e s u l t  of dimerization, the molecular weight ~t of sodium vapors in- 

m 
A ( 1  + X2) moles, of creases ,  l~ = A(l  + X2). In  m grams of vapor the re  is 

m which the re  are X1 A(1 + x2) moles of monoatomic vapor and m moles x2 A(l + X2) 
of diatomic vapor. Changing t o  gravimetric concentrations,  w e  f ind  t h a t  i n  

X1 2x2 
g of diatomic vapor. 1 + x2 1 g of vapor the re  i s  - gofmonoatomic vapor and 1 + x2 

The spec i f i c  enthalpy and entropy of sodium vapors addi t iona l ly  comprise 

t h e  corresponding proper t ies  of t h e i r  monoatomic and diatomic components: 

. X,i ,  -t 2 X2iz . a -  
I + &  ' 

The volumetric concentrations X1 and X2 of the  overheated vapor components are 

computed along the  isotherms by means of t he  equations: 

K p =  x: p andX, = I - XI. 
- XI 

The values  of X2 are shown graphically i n  Figure 1. 

The enthalpy of an i d e a l  gas depends only on temperature. Therefore, in 

formula (2), t he  enthalpy values i l  and i2 are soon t o  equal t h e i r  values on 

the  sa tu ra t ion  l i n e  a t  the  same temperature. 

forms of vapors is  computed along the  isotherms according t o  t h e  formulas: 

The entropy si and s2 of both /55 

6 



where ps, si’, sy, Xls and X2, are the values of t h e  corresponding q u a n t i t i e s  

on t he  sa tu ra t ion  l i n e  a t  t h e  same temperature. The computed entropy values 

sl and 52 s a t i s f y  t h e  equation s1 - sp = i d / T  very w e l l ,  which subs t an t i a t e s  

t h e  r e l i a b i l i t y  of t h e  extrapolation w e  performed up t o  1500°C. The i - s 

diagram f o r  sodium is shown i n  Figure 2. 

The s p e c i f i c  hea t  c of sodium vapors can be determined by t h e  numerical 

d i f f e r e n t i a t i o n  of enthalpy c = - . However, i t  i s  poss ib le  t o  avoid 

numerical d i f f e r e n t i a t i o n  and the  d i f f i c u l t i e s  i t  e n t a i l s .  

P 

P ( i ; )  P 
By means of 

formula (2),  w e  ob ta in  

By means of equations 

dInK, 46id X; 
P - K :: 

dT RT2 ’ 9 l-xx, w e  ob ta in  

A s  Figure 1 shows, when sodium vapors are heated i soba r i ca l ly ,  t h e  amount 

This is r e l a t e d  t o  the  absorption of of diatomic molecules i n  them decreases. 

energy, and therefore  the  e f f e c t i v e  s p e c i f i c  hea t  cp of sodium vapors is g rea t e r  

than t h e i r  frozen s p e c i f i c  hea t  c This  follows from formula ( 4 ) .  
Pf’ 

The r e s u l t s  derivedfromcomputing t h e  s p e c i f i c  hea t  of sodium vapors 

according t o  ( 4 )  are presented i n  Figure 3. 

In t h e  region under consideration, t h e  frozen s p e c i f i c  hea t  c of sodium 
Pf 

vapors changes from 0.212 t o  0.216 kcal/kg-degree, and t h e  e f f e c t i v e  s p e c i f i c  

hea t  amounts t o  0.918 kcal/kg-degree. It follows from t h i s  t h a t  dimerization 

i n  sodium vapors (and of o ther  a l k a l i  metals) leads t o  a s i g n i f i c a n t  increase  

i n  t h e i r  s p e c i f i c  heat.  

7 
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Figure 1 

Por t ion  of X2 Diatomic Molecules as a Function 
of Temperature and Pressure. I - Satura t ion  Line 

The density d of sodium vapors i s  computed according t o  t h e  equation of 

state of an i d e a l  gas d = pp/RT, p = 2 3 ( 1 +  X2). 

are presented i n  Table 1. 

The computational r e s u l t s  

Notation /56 
r1 and 1-2 - hea t  of evaporation per ta in ing  t o  one gram-atom of the  con- 

densed phase, i.e., t o  23 grams; 

A = 23 - atomic weight of sodium; 

- t h e  so-called frozen s p e c i f i  c = -  W P ,  -1- 2 &C,, 
Pf 1 + x, hea t  of a mixture of 

monoatomic and diatomic forms of sodium vapors, represent ing  

t h e  add i t ive  sum of t h e i r  s p e c i f i c  hea t s ;  

cp, (s-) 0,216, kca l  - s p e c i f i c  heat of t h e  monoatomic form of 
P kgodegree 

sodium vapors ; 

(.Cr ! (!?!-) ~ - s p e c i f i c  heat of t h e  diatomic form of sodium vapors; t h e  /57 
IJ 
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/LO:)  

1350 

N O 0  

1250 

1200 

1/50 

/loa 

105G 

1ooc 

. .  
? r (  ofx5atm-----r- r -  7---  - - I  

i -  s Diagram of Sodium (i, kcal/kg; s ,  kcal/kg*degree) 
computed with allowance for vapor dimerization. 

I - Saturation Line. 

quantity changes very slightly with temperature (from 

kcal in the case of t = 400 up to 0.208 kg.degree kc a1 
*O0 kg-degree 

in the case of t = 1500°C); 

id = il - i2 - dimerization energy; 
C - specific heat of the condensed phase. 
PC 
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NASA TTF-10 , 159 

Figure 3 

Specific Heat in kcal/kg-degree of Sodium Vapors 
as a Function of Temperature ("C) and Pressure (atm) . 

Sergo Ordzhonikidze Aviation Institute, Moscow 
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